have given a theory of the photoelectric effect of the deuteron which was based on the assumption th at between a neutron and a proton forces of a very short range exist. This made it possible to calculate the cross-section and the angular distribution in a way which seemed to a great extent to be independent of the nature of the nuclear forces. Massey and Mohr (1935) have extended this theory. Later on Breit and Condon (1936) have taken into account the influence of exchange forces of the Majorana type.
The photodisintegration of the deuteron in the meson theory Bethe and Peierls (1935) have given a theory of the photoelectric effect of the deuteron which was based on the assumption th at between a neutron and a proton forces of a very short range exist. This made it possible to calculate the cross-section and the angular distribution in a way which seemed to a great extent to be independent of the nature of the nuclear forces. Massey and Mohr (1935) have extended this theory. Later on Breit and Condon (1936) have taken into account the influence of exchange forces of the Majorana type.
In recent years a theory of nuclear forces has been developed, the funda mental ideas of which are due to Yukawa (1935) . In this theory, the exist ence of free mesons (cosmic rays) is connected with the nuclear forces in a similar way as the electromagnetic forces between electrically charged particles are correlated with the existence of light quanta (cf. Yukawa, Sakata and Taketani 1938; Bhabha 1938; Frohlich, Heitler and Kemmer i938)- According to this meson theory a proton (neutron) can be regarded as surrounded by a meson field which, owing to the exchange nature of the nuclear forces, is electrically charged, the charge being positive (negative) for the proton (neutron).
The charged nature of the nuclear field has the following im portant consequence: In treating the interaction of a nucleus with a light quantum one has to take into account not only the direct interaction of the light quantum with the protons but also its interaction with the charged nuclear field. The latter consists of two parts: (i) the spin independent part (^-interaction) and (ii) the spin dependent part (/-interaction). The first part gives rise to ordinary exchange forces whose influence on the photo electric effect has in principle been considered by Breit and Condon. The second part is characteristic for the meson theory in its present form and leads, as we shall see in this paper, to results differing essentially from those of previous theories.
One can thus divide the interaction of a light quantum with a deuteron into two parts: (i) the part in which the light quantum acts directly on the proton (Bethe-Peierls), (ii) the part in which the light quantum interacts with the meson field. I t will be shown in this paper th at for not too high energies both are of the same order of magnitude. The dependence on the frequency v is, however, quite different for the two parts. The contribution to the cross-section of (i) decreases, for high energies, like l/r f, whereas the contribution of (ii) decreases only like 1 /v*. For high energiesithe new effect is therefore preponderant. For the 17 MeV y-rays of Li for instance the cross-section turns out to be seven times larger in the new theory than in the old one. Also the angular distribution will be seen to be very different in the new theory.
These effects are characteristic for the spin dependent exchange forces in the present form of the meson theory. We want to emphasize th at the effect is mainly due to not too fast mesons and th at none of the difficulties of the meson theory connected with fast mesons plays any role in these calculations. The results should have the same degree of reliability as those for the nuclear forces.
I t should be possible to check the effect experimentally. We believe th at such experiments on the photoelectric effect of the deuteron with hard y-rays should be considered as a crucial test for or against the present form of the meson theory.
Calculation of th e ceoss-section
Our aim is to calculate the cross-section for the photo-disintegration of the deuteron. We shall do this, using Born's approximation. This is justified because it will turn out th a t the wave function of the ejected proton is not an S-wave function and therefore very little influenced by the protonneutron interaction (this is not true for the photomagnetic effect which we shall not consider in this paper, cf. § 3).
(i) The wave functions of the deuteron
The wave function of a heavy particle depends on the following co ordinates: The space co-ordinates, the spin co-ordinates and the co ordinates describing whether the heavy particle is a proton or a neutron. The ground state of the deuteron has an angular momentum 1. I t was usually assumed th at it is a 3S-state. From the proton-neutron interaction derived from the meson theory it follows, however, th a t there is a large spin-orbit coupling, and th a t therefore the ground state is a mixture of 3S and 3DX (cf. Yukawa, Sakata, Kobayasi and Taketani 1938; Frdhlich et a l* 1938) . The presence of a 3DX admixture to the wave function finds its expression in the existence of a quadripole moment of the deuteron, discovered recently by Kellogg, Rabi, Ramsey and Zacharias (1939) .
It is, however, likely th at the contribution of the 3DX wave function is not very large, owing to the centrifugal forces. In this paper we are mainly interested in the effects arising from the meson character of the nuclear field. These effects are clearly shown even if we assume a 3S-wave function for the ground state of the deuteron as we shall do in this paper for reasons of simplicity.
The wave function for the ground state of the deuteron can thus be w ritten in the form y =^( 1 , 2) T (l, 2)17(1,2),
where if depends on the space co-ordinates r x, r 2, on the spin variables, and U on the charge variables of the two particles. For the 3S-state these wave functions are « (2)/?(!)}, where a, /? are the two spin functions and £(?/) is equal to 1, (0) when the particle is a proton and equal to 0, (1) when it is a neutron. For ijr we shall assume the wave function used by Bethe and Peierls (1935) :
where a is connected with the binding energy E0 of the deuteron by
M is the mass of the proton. The wave function (3) corresponds to a neutronproton potential of the form of a ^-function. For the final state into which the deuteron disintegrates we assume plane waves according to the use of Born's approximation. For parallel spins this wave function is
Kx is the wave number of the ejected proton, K2 of the neutron. Transitions into states with antiparallel spins are only due to the photomagnetic effect, which we do not consider here.
(ii) Interaction energy
The transition from the ground state to the final state are due to the interaction of the deuteron with the light quantum. In the theory of Bethe and Peierls (1935) the proton was considered as the only particle carrying a charge. In the meson theory we have in addition an interaction of the light quantum with the charged meson field.
The Hamiltonian of a meson field in the presence of both heavy particles and an electromagnetic field has been given in its complete form by Bhabha (1938) . We Write down the interaction part of this Hamiltonian in the notation of F. H.K. (1938) , making use of the longitudinal and transverse meson wave functions <p and < f>.A is the electromagne and V the scalar potential.
The Hamiltonian consists of three parts
where H ' represents the interaction between the electromagnetic field and the meson field, H" that between the meson field and each of the heavy particles, H'" is a " mixed interaction" containing the electromagnetic field, each of the heavy particles and the meson field, f The three contributions are (for one heavy particle):
In these expressions it is to be understood th at the complex conjugate terms have to be added to all those terms which are not automatically real. The definition of f ri s xfr = 1/c dxjrjdt. M and S depend on the wave functions of the heavy particles W and the charge operator I I which is defined as follows:
M = (P*!IP),S = (W*naV). (11)
a is the spin vector of the heavy particle. In the Hamiltonian (7)- (9) th at the wave number k is connected with the momentum p of the free meson in a different way for positive and negative mesons:
for Y+: p = hck,
This follows immediately from the Pauli-Weisskopf formalism.
(iii) Matrix elements
The interaction H gives rise to a number of transitions for which we give the matrix elements. The following transitions are due to : (1) A longitudinal meson with wave number k absorbs a light quantum with wave number q ( fiv = h c q ) and has then a wave number k'. conservation of momentum is then
The analogous transition for a transverse meson. The transitions in which a longitudinal meson is transformed into a transverse one through the absorption of a light quantum give no contribution to the photoelectric effect.
(3) The creation or annihilation of a pair of longitudinal mesons with absorption of a light quantum. The momentum law is far the two cases q = k + -k , q + k + -k_ = 0.
(13) (4) The same for transverse mesons. The matrix elements of H ' for these four transitions are (e, e' are the energies corresponding to k, k ' ; e = -hc^(k2 + A2)\ e is the unit vector of polarization of the light quantum):
H[ and H'2 are valid both for positive and negative mesons if the momentum law (12) is taken into account. H'z and H \ are valid for creation and anni hilation.
H" has matrix elements for emission and absorption of mesons by a heavy particle. They are given in F. H.K. (1938), equation (32) .
H"' gives rise to the following transitions:
(5) A proton emits a longitudinal Y+ and absorbs a light quantum. (6) A neutron emits a longitudinal Y~ and absorbs a light quantum. (7) A proton absorbs a longitudinal Y~ and a light quantum.
(8) A neutron absorbs a longitudinal Y+ and a light quantum. (9) - (12) The same as (5)- (8) for transverse mesons.
These m atrix elements are, for the heavy particle at the position r 0,
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2neghc 1 of II"' (and similar terms in H q, etc.), because these terms do not con tribute to the photoelectric effect.
(iv) Total matrix element
Let V AF be the m atrix element for the transition of the deuteron from a ground state A into a final state F under the action of a light quantum. The differential cross-section of this process is then
where pdQ is the density of final energy states with the direction of the proton in the solid angle dQ. The ground state is three-fold owing to the three orientations of the spin. Disregarding the photomagnetic effect, the final state is also a triplet and transitions occur from each of the three initial states to each of the three final states. In (16) the sum has to be taken over the three final states and the average over the three initial states.
The matrix element V AF consists for each of these nin three parts:
with the following significance: (a) Va is due to a combination of the interactions H ' and H" and is a thirdorder matrix element. All mesons can be longitudinal or transverse. In the approximations used in our calculations (see below) all four contributions are identical and we shall only give the calculations for (a).
Let us denote by En and En> the energies of the t mediate states (i) and (ii), and EA, EF the energies in the initial and final states. Then Va is given by
where HAn, etc. are the matrix elements of for the transitions (a). For HAn and Hn,F only H" and for Hnn. only H ' gives a contribution. In the intermediate states n, n' the heavy particles are two free neutrons and have wave numbers K^, Kg, whilst the meson has a wave number k in and k ' in n'. The conservation of momentum shows th at
In the final state with the wave function (5) the momentum law gives
In each of the intermediate states n, n' the spin functions can be either of the four functions a(l)a(2), a(l)y?(2), a(2)/?(l), y^(l)^(2). The emitted meson can be longitudinal or transverse; in the latter case one has to take the sum over the two directions of polarization in the intermediate states.
As an example we calculate Va for the transition a(l)a(2)^->a(l)a (2) 
where ijf is the wave function of the deuteron (3). In the second equation (21) we have separated the motion of the centre of gravity and made use of the conservation of momentum.
Hnn. -H[ is given by equation (14). 7 is again given by F.H .K . (equation (32)): ( 22)
The resonance denominators are
EA-E n = -E 0-KcJ(lc* + X2) -£ m + K '^' 2j2 EA -E n. = -E 0 + fiv -K c J (k '* + A * ) -~( K ? + K ' 1*).
(23)
The double summation over n, n' in (18), viz. over k, k', can be reduced to a simple integral over k by means of the conservation laws (19) and (20). The contribution to Va from the transition in question is then
F« -T m w^P k'e)+^(ke ej*(r,k+2K2) sjn i ( k r ) \]f(r)
"
{E°+ e + m ( K ? + K^) { E°-,"'+ e' + m ( K 'i2+ K & )
In this formula it is to be understood th at all wave numbers k', Kj, K2 are to be expressed by means of (19) (32)) ) ( e fc)
\^T e~ii(Kl_K2,r) sin 
Here again K2 are expressed by k, q and kl5 k 2. (c) Vc is due to the direct interaction of the proton with the light quantum. There is no intermediate state.
In this transition the spin function does not change. Vc is the same for all these three transitions and is given by the well-known formula (31)
(v) Approximations
We shall now confine ourselves to energies hv<^pc2 =80 x 106 e-v (p = rest mass of meson.) In this case we may neglect throughout the recoil of the meson due to the absorption of the light quantum and therefore replace k' by k. This is justifiable because the main contributions to our integrals arise from values k~ A. Furthermore, we make use of the conservation of energy in the final state~(
in the denominators of (24) and (30) can then be ZilVL neglected since K2 = K2andK^ = K^+k which gives the order of magnitude h2k2/2M ~h 2A.2l2M ~p c 2.p\2M . In the resonance denominators of (24) (30) we can therefore neglect everything except e~e'.
We want to mention th at in making these approximations the transitions to a final singlet state all vanish. In these approximations we do not get therefore any photomagnetic effect. For the photoelectric effect these approximations are obviously unim portant for the energies considered.
Va and Vb (equations (24) and (30)) are then given by
F« " ^W ) \ dT\ dkW^W em~2Kl,') a i n i(kr)
Inserting for i/r(r) equation (3), the integration is straightforward and we obtain F 2^2ey a7r(eK1) a + A 2J (35) are the contributions from the transition and from longitudinal mesons. We give the matrix elements for the other transitions and for transverse mesons without calculation. The matrix elements for transverse mesons depend on the angles between spin and light quantum. We choose the direction of q as the one to which the spin directions are referred, (a means spin in + q direction.) Let 6 and (j> be the angles 6 = < (Kjq), < j > = < (e; K v q Then we have for the total matrix element = Va + Vb + Vc: 1 J (£') {^2e# cos 0(f»+ +^2 sin2 6 cos 6 cos ^ '
Hence we find the differential cross-section according to (16), by taking the sum of | V| 2 over all the nine transitions and dividing by 3. We take the average over the directions of polarization of the light quantum and obtain = ~s m d d O~i^l {4 f^ + B'j2 + sm^[3{gSA + B ) -G-
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+ 'i-fJHA f Bfi + ifHuC2 + SA2-HAC+ 1«7;2+ UiAB)}.
In these formulae K 1 is the wave number of the ejected proton (39) m q hv -JEn
R esults and discussion
We now evaluate the formulae (38) and (39) numerically. The wave function which we have used for the ground state of the deuteron corresponds to a potential with the form of a ^-function. In order to take into account the finite range of the nuclear forces, Bethe and Bacher (1936) have shown th a t it is sufficient to renormalize the wave function in such a way th a t it is normalized to 1-t-a/A
instead of to unity. We therefore have to multiply the expressions (38) and (39) by this factor. For the numerical evaluation we assume the following figures: E0 = 2 2M eV,
7YIC
Meson mass = 160 m. or A = 160 = T8a. n Hence 1+a/A = 1*56, G2lhc -0-087.
For g2 a n d /2 we shall use the figures derived by Kemmer (1938) from the nuclear forces, i.e. g2/hc = 0-057, f 2/Hc = 0-143. These figures are from the hypothesis of charge-independent nuclear forces and may not be Vol. 174. A. 7 the true values. The order of magnitude, however, is certainly correct. The functions A , B, C, D are independent of the choice of g a n d / and are given in table 1. In this table we give the values of the total cross-section 0 according to equation (39) (including the factor 1-f-a/A). r0 2 is the electronic radius. For comparison, we also give the cross-section according to the old theory of Bethe and Peierls (1935) . For the discussion of the angular dependence we give the ratio i.e. the ratio of the cross-sections for 6 = 0 and 6 = \n In figure 1 , 0( in units r%) and the ratio 0 J 0 ± are plotted as a funct of the frequency v together with the cross-section 0 old according to the Bethe-Peierls theory. In the Bethe-Peierls theory 0 { ] 0. As it is seen from the figure, the total cross-section is for high frequencies very much larger than in the old theory. For the Li y-rays (17 MeV), for instance, the cross-section is seven times larger in the new theory. The difference between the two theories is most striking in the asymptotic region for high frequencies, i.e.
hv^>E0, or K ±^>X, a. In this case we ob
In the old theory, the cross-section is 
Thus in the new theory the cross-section decreases like l/*Jv whereas in the old theory it decreases more rapidly, like *. As it is seen from equ. (42), this asymptotic behaviour is solely due to the /-type of interaction. Ordinary exchange forces also give an increase of the cross-section at smaller energies as has already been shown by Breit and Condon (1936) . The angular distribution contains a constant term and a term proportional to sin2 6. This is, however, not due as it might seem a t first sight to a super position of a S-and a P-distribution, but to a superposition of P-and F-distributions, as can be seen from the derivation in § 2. The process is a three-stage process; in each stage the angular momentum can change by one.
In the old theory the angular distribution is a pure P-distribution ( ~ sin2 d) as long as the photomagnetic effect is neglected. The latter leads to a pure S-distribution, i.e. to a term independent of 6. In the old theory (cf. Bethe and Bacher 1936) , the photomagnetic effect is only appreciable for energies just above E0 and is for high energies very small. In our theory the photomagnetic effect is zero in the approximations made in § 2. The two essential approximations which we have made were (i) and (ii) hv not too small (Born's approximation). For energies well above E0 only the first approximation is essential, which means th a t the recoil of the meson due to the light quantum is neglected. If this approximation is not made we would obtain transitions to singlet terms, i.e. a photomagnetic effect, as well, but the cross-section for those transitions would be smaller by a factor of the order of at least Hvl/ic2.
The angular distribution is also influenced by the fact th at the ground state of the deuteron contains a D-function. Even in the old theory one would obtain in addition to the P-, a F-distribution. The admixture of the D-wave function is probably quite small, as can be seen from the size of the quadripole moment which is about fifty times smaller than the cross-section of the deuteron (Kellogg et al. 1939) . We, therefore, hardly expect any con siderable modification of our results.
I t should be possible to check this theory experimentally. At present, no experiments in the high-energy region are available. Such experiments would provide a very valuable check for the meson theory. A theory in which the nuclear forces are described by a neutral field would not lead to any such high cross-section and it is just the exchange nature of the nuclear forces which is responsible for our effect. Furthermore, as it is seen from the asymptotic formula (42) the large cross-section and the peculiar angular distribution is due to the/-type of the interaction of the meson and a heavy particle, i.e. to the spin-dependent interaction. This interaction which has no analogy in electrodynamics leads to new types of effects, such as the magnetic moment of the neu tron, and to the spin-dependent proton-neutron interaction. In all these effects some kind of divergency occurs which has led to the assumption th a t the meson theory is only correct for small meson energies. Our effect is mainly due to mesons with kinetic energies not much higher than the rest energy, and for those energies the theory should of the most interesting features of the meson theory, namely the /-type of the interaction and the charged nature of the field, in a region where it is not seriously affected by high-energy difficulties.
One of us (B.K.) would like to express his thanks to the Cavendish Professor for a grant from the Scott Fund.
Summary
We have calculated the photoelectric effect of the deuteron on grounds of the meson theory of nuclear forces. In this theory the nuclear field is considered as electrically charged and, consequently, the light quantum can act on the nuclear field as well as on the proton. Because of the small mass of the meson, this effect is large. For the calculation we have assumed essentially correct. The photoelectric effect of the deuteron provides therefore L test of some for the ground state of the deuteron a 3S-state. The result is th at at high frequencies v the cross-section is much larger than in the old theory, and decreases only like l/sjv as compared with the l/y? law in the Bethe-Peierls theory. Also the angular distribution is different. In addition to the sin2 6 distribution about the direction of the y-ray, there is a ^-independent term which becomes increasingly important for increasing energies. For the Li y-rays (17 MeV), for instance, the cross-section is seven times larger than in the old theory and the ratio of the number of protons emitted parallel to the y-ray to th a t emitted perpendicular to it is O'7.
[Note added in proof.
While this paper was in press we noticed th at the derivation of the matrix element (37) can be simplified if the approximations made in this paper (dipole radiation) are applied from the very beginning. The energy of the heavy particles does then not occur in the resonance denominators and the rules of ordinary matrix multiplication can therefore be applied for the summation over the intermediate states. The total matrix element then takes the following simple form :
Photodisintegration of the deuteron in the meson theory 101

Va + Vb = i e J~j d T^e r )
% whilst Vc w as:
Here i/rF is the deuteron wave function in the final state, p is the relative momentum of the deuteron and W the exchange potential of the deuteron (without the exchange operator) as given in F.H .K . equ. (44). Thus the meson effect finds its expression in the fact th at the operator ( which usually describes the interaction with light is replaced by < 4 7 > This is true for dipole radiation only. Equ. (47) is in agreement with a general theorem derived by Siegert (1937) and confirmed by Lamb and Schiff (1938) . These authors have also shown that the sum of the two operators (47) is equal to the operator (er) if exact wave functions are used. We have used approximate wave functions and in this case, as shown in our paper, the consistent procedure is to take the operator (47).
The formula (45) is useful because it-allows one to see more clearly in which way the frequency dependence of the cross-section is connected with the expression for the nuclear forces. The cross-section is proportional
